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Copyright © 2012 by ASME 50% (wt.) will be added to the baseline coal feedstock in order to further reduce the emissions, with the hope of reaching carbon-negative emissions eventually.
To achieve the second and third goals of reducing capital costs and raising the efficiency, a supercritical Rankine cycle is implemented to replace the traditional subcritical Rankine cycle as in the baseline. Although supercritical steam systems are more expensive than subcritical ones, the idea is that the extra provided power and efficiency will make up for the increased total cost, reducing the overall capital cost per unit power output.
MOTIVATIONS
Raising the inlet temperature and pressure of the steam turbine in a traditional Rankine cycle is the most direct way to increase the operating efficiency of said cycle. As early as the 1950's, scientists and engineers have been highly focused on this area of potential steam cycle improvement [2] . It was during this period where the maximum inlet pressure and temperature were raised from 2400PSI/1000 o F to near 4500PSI/1150 o F [2] . This was the onset of the first supercritical steam generation plant. The term "supercritical" comes from the idea that the steam running through the boiler or HRSG is above the "critical point" at the top of the vapor dome on a standard temperature-entropy diagram at around 3200PSI [3] . For reference, the typical efficiency of a standard subcritical Rankine (steam) cycle is around 30-38%, while a supercritical cycle under the same environmental conditions can achieve an efficiency of 42-45% [4] . So far, all of the research and industrial efforts going into supercritical cycle design are meant for standard pulverized coal (PC) plants. To the authors' knowledge, there is currently no literature available documenting a supercritical steam bottom system being used in any real-world IGCC system.
The use of biomass in IGCC is not a new idea. The first pure biomass IGCC plant was constructed in Värnamo, Sweden 1993. As a demonstration plant, it provided roughly 6 MW of net electricity to the grid by using a fuel equivalent energy input of approximately 18 MW [5] . Several other biomass plants in the range of 40-100MW have been constructed, such as the Hawaiian biomass gasification experimental plant developed by Siemens-Westinghouse [6] and the McNeil Station in Burlington, Vermont [7] . In addition, other, more traditional plants have been modified for use with biomass and gasification processes, such as the Chowchilla I in California and the Lahti Co-firing Project in Finland, which both used syngas derived from biomass to run a Rankine cycle [7] . All of these plants, however, have either failed or been removed from the commercial power sector due to not being economically competitive.
Due to the controversies surrounding issues of cultivating energy crops, in this study, only biomass wastes are considered. For convenience, the word "wastes" is dropped from the rest of the paper. The first and greatest challenge with utilizing biomass is associated with its availability, sustainability, and quantity. The supply of most biomass is seasonal and is limited by quantity. In addition, biomass cannot be economically transported over long distances due to its low mass density. A solution to some of these problems is by cofeeding biomass alongside coal in a larger plant. This allows biomass to be used whenever it is available and on the same economy of scale that coal is. Doing this also reduces fossil fuel consumption, which is a benefit both for the environment and for energy providers, since most of biomass wastes are either free or bear very low costs. Next, since biomass is cleaner than coal is, co-feeding results in lower emissions than a pure coal plant, and is able to provide much more power than a pure biomass plant. Furthermore, because there is coal mixed in with the biomass, corrosion is less of an issue than it is with plants that use purely biomass.
However, there are still operational problems that biomass can cause to co-fed systems. For one, biomass has very low energy density. Coupled with its low mass density, this means that the required volumetric flow rates for providing the required energy to run the plant are higher than those of coal. [8] Limited biomass supplies and transport issues inhibit profitable operation of larger pure biomass plants, meaning that effectively utilizing pure biomass in any plant bigger than about 50-80MW is uneconomical at best [8] . Secondly, most types of biomass are very fibrous and tough, and tend to get stuck in various types of feeding machinery. Thirdly, biomass tends to contain many corrosive compounds that can damage other internal parts [9] . Lastly, biomass has an expiration date: it cannot be stored for any extended length of time due to its tendency to rot and decompose, being rendered almost useless as a fuel in the process.
To overcome this new set of challenges of biomass feeding and long-term storage, one available solution is employing pretreatment. Various chemical, thermal, and biological processes are available to transform raw biomass into a form that makes it more suitable for power generation. The type of pretreatment taken into consideration for this study is torrefaction. Torrefaction is a thermal process, wherein raw biomass is heated to about 200-300 o C and essentially "cooked," removing a large portion of the moisture content, and altering the chemical structure of the biomass in such a way that it loses its tough, fibrous consistency, and "torrefied biomass," a reddish-brown, brittle, solid substance that has calorific properties that greatly approach those of low-to midgrade coals [9] . During torrefaction, the biomass looses roughly 30% of its mass as torrefaction gases, and roughly 10% of its internal energy with them [10] . A simple algebraic calculation shows that this would result in about a 28% increase in the calorific value per unit mass for the feedstock [11] .
In addition, torrefied biomass has a higher mass density than untreated biomass, is less corrosive, has higher grindability, and is much easier to store and transport [9] [10] [11] . Despite these benefits, using torrefaction at all requires that a separate, torrefaction plant be constructed on-site, which is a significant investment for most plants, especially the smaller ones. In fact, in one 1999 study done on a failed test plant by Siemens-Westinghouse in Maui, Hawaii, the researchers speculated that, while torrefaction itself is very effective at solving virtually all the feeding problems they had been having, investing in one might not be economically viable [6] . However, a 2005 study by P.C.A. Bergman of the Netherlands showed that torrefaction when combined with Pelletization (another process that increases the mass density of the biomass) was not only viable in Europe, but perhaps profitable as well, albeit with a high dependency upon the price of the biomass feedstock and other factors [10] .
While some biomass-coal co-feeding studies have been done in the realm of co-combustion of biomass with coal [12, 13] they were mainly based on subcritical PC plant designs. In IGCC plants, the biomass and coal are co-gasified instead of co-combusted. For instance, the Polk IGCC plant performed several experiments in which a wood-based eucalyptus biomass feedstock was co-fed into an existing IGCC coal plant, in Tampa, Florida. The results showed that the existing Coal/Petcoke fed IGCC system was feasible to feed biomass, and the emissions of NO x and SO x were reduced about 10% [14] . The Buggenum IGCC plant in Netherlands also successfully co-gasified biomass (50% wt.) with coal using 3 major biomass sources: wood, sewer sludge, and manure, using about 300 tons of feedstock per year [15] .
This study, like the previous study from Long and Wang (2011), focuses on investigating co-gasification of biomass and coal for application in IGCC systems with both subcritical and supercritical bottom Rankine cycle systems, but with the addition of carbon capture plants. Carbon capture is the next logical addition to such a plant given the current political situation: many countries around the world are or are considering implementing a "carbon tax" on industry, meaning there will be government-imposed fines for expelling too much carbon in the form of emissions into the atmosphere. A carbon capture system can drastically reduce such emissions, and potentially help many power companies to save money in the form of avoided tax penalties. In addition, the captured CO 2 may have other uses once captured, such as in advanced oil recovery [16] . When CCS is combined with biomass, it is possible, assuming biomass is carbon-neutral, for a plant to become carbon-negative. This means that, although emissions are produced, there is a net decrease in the amount of carbon put into the atmosphere, because plant-based biomass spends a great portion of its lifetime consuming CO 2 through photosynthesis.
In all, the focus of this study is to further investigate the effects of supercritical steam cycles and biomass on IGCC from the previous study, and how these affect systems with carbon capture: for a total of three main parameters.
PLANT DESIGN
The software used for this study was Thermoflow® program suite's GTPro®. GTPro is a commercial software program that uses a top-down design approach for building gas turbine power plants and combined cycle plants. Figure 1 shows the general layout of the baseline case (No CCS), designed for around 240 MW of net power output. It consists of a single gasifier, based on the GE gasifier, which is slurryfed and oxygen-blown with quench cooling. The gas cleanup system contains a section for particulate removal (a "scrubber"), a section for COS hydrolysis, a cooling segment, and Acid Gas Removal (AGR). The power block consists of a single GT, modeled after the Siemens SGT6-4000F turbine, with steam injection in the combustor to reduce NO x formation, and a single ST, with a fixed steam inlet temperature and pressure.
The plant is designed exclusively for power generation, so no chemicals or energy gases are exported anywhere in the middle of cleanup, and all waste products are assumed to be simply disposed of. The biomass is torrified before entering the gasifier. Seen in Fig. 1 , the fuel preparation block is where the fuel undergoes all related processes. Around 200kW-hr of energy per ton of biomass is assumed to be required to completely convert the biomass. All condensed water extracted from the raw syngas during cooling is used as makeup water for the steam system (not shown). The deaerator is assumed to be tray-type, and all process water is returned to it via a series of pipes. The deaerator also provides additional water to auxiliaries wherever more is needed and acts as the desuperheating source for all water streams that require cooler water/steam sources. Lastly, the ASU is assumed to be a cryogenic system with an operating pressure of 10 atm (147 PSI), and always delivers a stream of 95% pure oxygen at the required pressure to the gasifier.
Plant Location
The plant was assumed to be built around New Orleans, Louisiana, at an elevation of 10 feet above sea level. The climate condition was assumed to be an average of 85°F and 90% relative humidity in summer to provide a conservative plant output and thermal efficiency. ISO conditions (59°F and 60% R.H.) were not used as the baseline because those conditions are not common for Louisiana on the whole. It was deemed better to be more conservative with the model prediction by using conditions applicable to a Louisiana late summer/early fall. While both the temperature and humidity given above are highly unlikely to occur at the same time, they are meant to represent more of a weighted average: sometimes it will be 90+ degrees with 70% humidity, and at others, perhaps, 70-80 degrees with 80-95% humidity. As such, the conditions above were chosen to represent an "average" Louisiana summer day.
For coal, Louisiana is situated between two of the largest producers of lignite ore in the entire United States: Texas and Mississippi. In addition, Louisiana shares a very close relationship with both of these states in many areas from business to politics to tourism. For this reason, the coal chosen for the plant was South Hallsville Texas Lignite. In addition to being cheap, lignite is very easy to obtain and is abundant, especially in this region, and lignite from Texas is one of the best energy resources in the Southern United States.
As for biomass, Louisiana is one of the largest producers of sugarcane in the United States, and, out of those producers, Louisiana has the oldest and most historic part played in the sugar production industry [17, 18] . About 16% of all sugar produced in the U.S. comes from Louisiana farms and factories [17] , and around 16 million tons of raw sugarcane is harvested per year [18] . Since there is a lot of bagasse left as the waste product of the refinement process, sugarcane bagasse was selected as the feedstock. The fuel data, including ultimate analyses, for both lignite and bagasse can be seen in Table 1 . 
Gasifier
The gasifier is modeled after the GE/Texaco gasifier. It is slurry-fed (35% water by weight) and oxygen-blown with an ASU pressure of 147PSI (10 bar), and has no coolers at all. The raw syngas is quenched with water at 300°F (149°C), up to a relative humidity of 50%. This selection of a quenched gasifier will allow for a more direct comparison when carbon capture is introduced to the design. Figure 5 shows the basic gasifier layout, with the numbers shown being representative of the pure coal, subcritical case with no CCS. For both sets of cases (sub and supercritical), the GT used was a Siemens SGT6-4000F with steam injection, and the ST inlet temperature and pressure are fixed at 1100PSI/1000°F (76 bar/538°C) for the subcritical plant, and 2400PSI/1200°F (165.5 bar/650°C) for the supercritical plant. The supercritical plant's turbine inlet pressure is lower than that of a typical PC plant (3500PSI) to avoid material failure and reduce maintenance for the first IGCC system having a supercritical bottom cycle. This is to serve as a stepping stone for moving to higher pressure and temperature supercritical steam conditions in the future. For all the cases, the turbine inlet temperature of GT is fixed and the total mass flow rate through the GT is also fixed.
Steam Turbine System
For the steam system itself, the HRSG connections and heat exchanger locations are consistent across all cases, both for post-combustion and the baseline, as are the ST layout, the condenser cooling system type, and the deaerator. This is all highlighted in Fig. 4 . The only difference between the postcombustion CCS plant's steam cycle and that of the baseline is the presence of a ~180lbs/sec mass source at the Intermediate Pressure (IP) boiler exit. Again, this is solely to enforce mass conservation within the HRSG, and to simulate an "external" steam source for the CCS steam, due to software limitations. The HRSG contains two pressure streams: HP and IP, which (For CCS) both provide the steam necessary to provide power via the steam turbine. The HP stream is the main source of steam for the ST inlet, while the IP stream is used to drive plant auxiliaries and processes and also provides additional steam to the ST's reheat stages. All zones within the HRSG are fixed in all cases, with only temperatures and pressures varying from case to case. In addition, as stated previously, all HRSG connections are consistent for all cases (for instance, the main IP process stream at exchanger IPS1 always provides the water for Acid Gas Removal, the remaining IP stream always connects to the ST reheat section, etc.)
The steam turbine itself, as seen in Fig. 4 , consists of 2 casings, for a total of 3 main stages: one large, high pressure stage and a second, lower pressure stage divided into two separate stages by an IP injection stream containing the leftover steam from the main IP process (acid gas removal for this study). It is a condensing turbine with a reheat section that links the high and intermediate pressure casings together. The temperatures and pressures vary according to which case is being studied. The second casing is split in two, due to the injection of supplementary steam from the IP process stream. The amount injected varies from case to case due to changes in steam demand on other components (CCS and AGR). The conditions were set so that the ST isentropic efficiency could be kept as high as possible in order to maintain the same TIT and TIP. Finally, the steam turbine condenser is connected to a natural draft cooling tower, which makes use of ambient air in the cooling process. All of the settings on the cooling tower are strictly enforced, and all parameters are fixed in each and every case.
The cleanup system consists of a particulate scrubber supplied with water at 215°F (102°C) for the procedure, a section for Carbonyl-Sulfide (COS) Hydrolysis, a series of coolers and water "drains," and Acid Gas Removal (AGR). The AGR unit is an amine-based system (single-stage), which is based on the Selexol® process and operates at 90% removal efficiency.
The NO x production was based on the emissions specifications from the gas turbine manufacturer. As with the previous study, the NO x specification used was based upon the SGT6-5000F, since data for the 6000F model was not available at the time. Both the 5000F and 6000F have similar combustors and the same NO x control unit installed, so this comparison is a valid approximation. As such, the NO x data was specified to be 9ppm at a 15% O 2 reference content [19] .
Carbon Capture System
The second plant with CCS included is shown in Fig. 1 as an insert/addition to the baseline plant. The system makes use of an amine-based solvent separate the CO 2 from the rest of the GT exhaust. Because of the highly acid nature of the GT exhaust gases due to the presence of SO x and NO x , only chemical absorption is applicable in this case. The solvent chosen was Monoethanolamine (MEA), whose price tag was determined to be $1600/ton [20] . On the whole, adding postcombustion CCS seems to take a drastic toll on the steam cycle's water supply. Among many possible options to provide the steam needed for the amine-based CCS process, the following two options are evaluated:
Option 1 is to tap the steam from the existing HRSG. In this way, the amount of steam delivered to the steam turbine will be reduced and the steam turbine output will suffer. This is a viable option, but will be inconvenient for comparison between non-CCS and CCS-based on similar power output. Option 2 is to tap the steam from a bigger HRSG by increasing the total steam supply through bigger pumps. The steam that is used to drive the CCS process is thus taken from the IP stream at the same point as that of acid gas removal. This is the lowest pressure point in the system that this water can be taken without directly affecting the steam turbine.
The designed post-combustion system, seen in Fig. 3 , has quite a demand for steam (171.8 lbs/sec). In an attempt to correct this problem, an additional mass source had to be created to force the steam turbine to operate more closely to that of the baseline case. This mass source was set in place to offset the cost of the CCS system and to make up for the head loss exhibited by the rest of the system, so the injection point in the second stage of the ST could remain close to the baseline case without reversing flow and becoming an extraction point. An enlarged rendition of the post-combustion plant's steam cycle can be seen in Fig. 4 .
The carbon capture efficiency is targeted to be 90%. In addition, it should be noted that, due to the nature of chemical absorption, a small portion of the chemical solvent (< 0.01% wt) is lost during the capture process and must be replaced with fresh solvent. This adds up to a total of about 15 tons/day of solvent, or $24,000 a day in maintenance. Finally, as this system also uses sequestration, a compressor is necessary to push the CO 2 into a proper storage unit. The compressor raises the pressure of the captured CO 2 to 2200 PSI, at a mass flow of about 130-140 lbs/s, with variation attributed to the different system designs and feedstock composition. In total, the CCS system uses around 32MW of electrical power, around 11% of the total expected plant capacity, to maintain operation.
The raw CO 2 , however, is handled by simple conservation of mass and species within the program. However, when biomass is involved, the concept of carbon-neutrality must be observed. For this calculation, it was assumed that all biomass feedstock is completely carbon-neutral. This allows for the calculation of the so-called "effective" CO 2 output, which is obtained by taking the total CO 2 and subtracting the biomass's neutral CO 2 from it. The neutral CO 2 is determined by Equation 1:
This equation was derived under the assumptions that (1) all reactions involving carbon eventually result in CO 2 , (2) start up and shutdown times are either neglected or assumed to be a part of the plant's recorded 8000 hour operating schedule (equivalent of 91.3% capacity factor), making no appreciable difference in the CO 2 emitted as compared to that of normal operating hours, and, finally, (3) the composition of biomass, particularly the carbon content, is constant and uniform, with no variation at any point in time.
ECONOMIC ANALYSIS
Beginning with fuel choice, lignite is cheap, and, according to the EIA's report [21] , lignite from Texas costs approximately $19.00/ton. While sugarcane itself is cheap at only $30.00/ton [22] , bagasse is only a portion of the sugarcane. All other by-products like cellulose and hemicelluloses are left behind to be processed into sugar and/or ethanol. On average, about 200 lbs of dry bagasse will be produced from one ton of sugarcane. With this in mind, it becomes easy to make the mistake of assuming that bagasse will be cheaper than sugarcane on a per ton basis. The final price of the bagasse is around $65 per ton of bagasse or $13 per ton of the original weight of sugarcane [18] .
The price of natural gas for the supercritical plant's duct burner was found to be $4.10 per million Btu ($/mmBtu) based on data from June, 2011, when this study was performed [23] . In addition, water consumed by the plant was assumed to be based on utility, and the price was set at $2.00 per thousand gallons. Finally, overhead and maintenance (O&M) costs were taken from a report by the EIA, where they were determined to be $60.00/kW (fixed) and $0.006/kW-hr (variable) [24] .
With the fuel prices known, the program used demands that the prices be input on a per unit energy basis, so the fuel costs of coal and biomass must be converted over, since all pricing is listed on a per unit weight basis, commercially. This simple conversion for coal is obtained through Equation 2:
which comes out to $1.48/mmBtu for coal. Biomass, however, is received wet, so the heating value changes when it undergoes torrefaction and is dried. After the analysis is performed and some terms cancel out, the final conversion for biomass reduces to Equation 3:
which comes to about $6.92/mmBtu. For all blends of biomass and coal, the two prices obtained from equations 2 and 3 are linearly combined based on the biomass mass ratio (BMR) in the blended fuel and normalized by the blend's total LHV, which was calculated by the software. This final blend price is given by Equation 4:
The cost of the blended biomass/coal feedstock is calculated under the assumption that it is linearly proportional to the biomass ratio (BMR). Finally, the energy consumption for coal grinding and drying was estimated to be 40kW-hrs/ton, while biomass, which must undergo torrefaction as well as grinding and drying, was estimated to be 200kW-hrs/ton. The average processing cost for each biomass case was also calculated to be linearly proportional to the BMR.
Finally, as mentioned previously, an overall plant life of 30 years is assumed, with a total operational capacity of 8,000 hours per year. In addition, 30% of the total initial investment is to be taken on equity, meaning that the plant owner must pay for these commodities out of his/her own pocket. Taxes on the plant were taken to be around 35%, with 10% flat-interest rates for all plant features. No inflation was considered for this study, so the analysis is based on 2011 USD. Lastly, the total package uses straight-line depreciation, but it was assumed that only 75% of the total investment is available for depreciation for tax purposes.
RESULTS AND DISCUSSION
The results are analyzed based first on the effect of biomass within a single system, then upon the effect of the supercritical cycle, and, finally, with respect to the type of CCS used. Again, in Part one, only post-combustion CCS is considered. The results for the power output and plant efficiency can be seen in Tables 2 and 3 . As seen from Tables 2 and 3 , the addition of biomass, even up to 50% by weight in the feedstock has a net positive effect on the efficiency. Beyond 10% BMR, however, the efficiency begins to decrease. This is due to the additional energy costs required to process the biomass, as it requires much more energy than raw coal to pre-treat. This added energy consumption is categorized as a part of the "auxiliary losses" in the tables, so the gross efficiency is unaffected by this, and, in fact, continues to increase since more gross power is generated. Despite the drop in efficiency, it still remains higher than the efficiency of the coal alone, due to the fact that this type of biomass has a higher heating value, as seen in Table 1 .
The supercritical system has a clearly beneficial effect on the IGCC plant, with a consistent improvement in efficiency of over 1.6 percentage points when compared with Case A1. The efficiency for each amount of biomass also appears to follow the exact same trend as before, with an increase from 0-10% BMR and decreases from 10-50%. The total net power also increases by about 25MW (9.8%) overall for each case. From this, it is clear that using a supercritical cycle provides an overall efficiency benefit for an IGCC plant as a whole.
The percentages of auxiliaries and various losses for the pure coal, supercritical baseline plant are shown in Fig. 5 . It can be seen that the largest parasitic power is consumed by the ASU (68.21%) and the second largest one is from coal preparation (12.94%).
Figure 5 Auxiliaries & losses for supercritical pure-coal plant without CCS (See Appendix for details.)
Finally, Post-combustion CCS has a clearly negative impact on overall plant performance. This is not surprising, since CCS costs a significant amount of energy to perform, and offers nothing in the way of power or heat recovery to offset this, and post-combustion CCS seems to reduce the total net efficiency by nearly 8 percentage points in all subcritical cases. Even worse is the fact that the supercritical plant suffers even greater losses in power than the subcritical plant. While the subcritical plant lost about 17-19MW of steam power from the CCS plant, the supercritical plant loses over 30MW, nearly twice as much.
The main problem is that post-combustion CCS requires the use of chemical absorption, and the detriment to the total steam available to provide power is significantly increased, resulting in over 19MW of power directly lost due to reduced steam mass flow. In addition, the total auxiliary cost increases by about 60% due to the electrical energy consumed in order to maintain the pressure differences in the absorber and stripper columns and to compress the captured CO 2 at the end of the process. The GT power and other specifications not shown are unaffected by this, as all of the changes to the plant do not involve anything to do with the top cycle or the gasification block. Tables 4 and 5 show the syngas compositions for both the subcritical and supercritical plants. The results correspond to the raw syngas leaving the gasifier, and, as such, relate to both the baseline case and all CCS cases (including the precombustion cases in Part 2.) This is mainly to demonstrate that the gasification block is virtually untouched by the effect of the supercritical cycle, aside from some scaling to maintain equilibrium. In addition, notice that the addition of further biomass continually increases the amount of CO, H 2 , and CH 4 , while simultaneously decreasing the amount of CO 2 and H 2 O. Table 6 shows the emissions data for the baseline cases. Notice that the overall emissions for each type of pollutant universally decrease with the amount of biomass added. However, on a per unit output energy basis (ton/MW-year), the CO 2 emissions actually increase for increasing BMR in the supercritical IGCC cases, albeit by a very small amount. The only exception is from 0% to 10% BMR, where there is a sharp decrease just for adding biomass to the feedstock. While the CO 2 emissions beyond this point do increase, note the fact that the emissions for the biomass blends are still always lower than they are for pure coal. The effective CO 2 on the other hand always decreases with increasing BMR. Again, the effective CO 2 is determined by calculating the neutral CO 2 from biomass and subtracting it from the gross CO 2 .
The emissions for the post-combustion plants are shown in Table 7 . In addition to NO x emissions being virtually eliminated and SO x emissions being cut by more than 98%, the CO 2 emissions clearly drop by a significant amount. The reduction in SO x and NO x occurs because of (1) the fact that post-combustion CCS uses chemical absorption, which allows for the direct removal of SO x and NO x and (2) the fact that this form of capture is performed after SO x and NO x have already formed in addition to performing necessary cleaning beforehand (including Acid Gas Removal). Even the baseline cases make use of AGR, but only the post-combustion cases perform sulfur removal a second time, after combustion occurs. In addition, notice that after just 10% biomass is added, the plant has become carbon-negative. This is true even for the supercritical cycle, because post-combustion CCS is the only implementation of CCS that can clean the emissions released by the supercritical plants' duct burners. Lastly, for the economic impact of these plants, see Tables  8 and 9 . Note that, the additional $10,000,000 for a torrefaction plant is ~1% of the total capital cost, meaning that it is insignificant compared to the total plant cost. Not to mention, co-gasifying biomass with coal actually reduces the total investment by a significant amount. The cost analysis program report (not shown) showed that the biggest saving is in the piping system and the gasifier itself. Not entirely clear at first, but taking into account that the GT inlet temperature and mass flow rate are fixed, this leads to the discovery that using biomass in the gasifier means that a smaller gasifier can be used and the plant will still get the same net GT power output. This is possible because of the reduced necessary syngas flow rate to the GT, since the syngas of the biomass blends have higher heating values than that of coal alone. This difference alone accounts for nearly 80% of the price reduction seen in the tables. This results in reductions of the capital cost for both subcritical and supercritical IGCC plants.
The cost of electricity (CoE) actually decreases from 0% to 10% BMR due to the reduced size of the cleanup and gasification islands for both sets of cases. However, it rises again beyond 30% due to the added extra cost of the biomass. CoE is calculated based on levelized capital cost, O&M costs, interest, and the costs of water and fuel. Post-combustion CCS, however, has a clearly adverse effect on both CoE and capital cost. This is not surprising, considering the fact that post-combustion CCS requires the processing of thousands of tons of exhaust gases a day, all at atmospheric pressure. The unit itself must be hundreds of meters high, and uses up nearly $24,000 worth of makeup solvent alone in a single day. At an additional 6-7 cents/kW-hr in CoE and nearly $500/kW in capital costs, using postcombustion CCS may not be viable for this type of plant. The CCS cost follows the same overall pattern as the total CoE does: decreasing at 10% BMR, but increasing beyond this amount. Despite the later increase, the biomass blend cases still have a lower CCS cost than the pure coal cases.
The CCS cost in terms of COE can also be converted to the cost for removing CO 2 (per unit ton basis) using Eq. (5):
where the "net" tons of CO 2 refers to the difference in effective tons of CO 2 per unit power between the baseline case and the CCS case. The "CO 2 Removal Cost" is also called "CO 2 Avoided Cost" in the U.S. Department of Energy's Volume 3 report on fossil power plants [25] . If a "carbon tax" is implemented, the CO 2 Removal Cost can also be referred to as the "Break-even Cost" for avoiding the carbon tax. Only when the carbon tax is higher than the CO 2 removal cost is implementing CCS justified. As seen in Tables 8 and 9 , a $70/ton carbon tax would only work for those plants that include biomass in the feedstock. For pure coal, a tax of about $72/ton is necessary to justify CCS, whereas all of the biomass cases are below $68/ton, with one case as low as $63/ton. For more qualitative data on these plants, see Figs. 6 through 9 and the Appendix.
CONCLUSIONS
In summary, this study was performed using GTPro®, a program from the Thermoflow® software suite. It uses a GE/Texaco gasifier and Siemens-Westinghouse SGT6-4000F gas turbine, and the plant was assumed to be constructed in southern Louisiana using Texas Lignite and sugarcane bagasse as fuels. The results show that the net plant efficiency increases at 10% BMR for both sets of cases, but decreases thereafter. However, the efficiency of the blended cases remains higher than that of the baseline cases for all blend ratios.
The emissions (NO x , SO x , and effective CO 2 ) and the capital costs all decrease as the biomass ratio increases. However, the cost of electricity increases with BMR due to how expensive obtaining the biomass is. With these results in mind, the following conclusions can be drawn:
• The supercritical system is universally superior to the subcritical system regardless of which case is taken into consideration. It always provides 20-30MW (9-12%) more power at a reasonable extra cost (about $300/kW less expensive) and always has the lower CoE (0.3 cents/kWhr less). The net emissions also decrease by 400-500 tons/MW-yr (6-7% less) overall.
• Post-combustion carbon capture is both thermally and economically detrimental to the IGCC baseline: capital costs increase by $3,700/kW (nearly double that of the baseline) and CoE increases by about $0.07/kW-hr. However, the emissions decrease by nearly 7,000 tons/MW-yr through the use of CCS: enough for the plant itself to become carbon-negative using only 10% biomass.
• CO 2 removal cost is about $72/ton for both subcritical and supercritical systems. Blending 10% biomass reduces removal cost about $4-5/ton. • Biomass blends are always better than pure coal, thermally and economically, but too much biomass (beyond 10% BMR) begins to inhibit power output and efficiency. Blending 10% biomass tends to increase the efficiency by about 0.7-1.0 percentage points and the output power by 2-5 MW. The capital costs per kW and CoE also decrease by $400-$800/kW and 0.3-0.8 cents/kW-hr, respectively. However, further biomass beyond 10 BMR decreases the efficiency and the power by up to 0.5 points and 6MW, respectively. The CoE increases by up to 2 cents/kW-hr, with or without CCS, but the capital cost can increase or decrease due to the effect of the CCS system.
